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Viewgraph 1
To solve the problem of source range and bearing estimation for passive localization, the differences in signal arrivals within an array of sensors must be examined. Previous investigations have addressed single plane wave [1] , single spherical wave [2, 3] , and idealized multipath spherical wave [4] propagation. The present study extends these theoretical investigations to include complex multipath propagation conditions that can arise from acoustic transmissions through an oceanic environment.
It is known that source range and bearing estimates based on acoustic arrival times are susceptible to error if the effects of multipath transmissions are neglected. Furthermore, the use of multipath propagation conditions can serve to improve the accuracy of range and bearing estimations [4] . 
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Viewgraph 2
The approach consisted basically of three steps. First, to simulate the acoustic multipath environment and source and receiver characteristics, the Generic Sonar Model [5] was used. Second, a frequency domain focused beamforming algorithm was developed that uses wavefront curvature and maximum-likelihood estimation techniques. Finally, a frequency domain focused beamformer simulation was used to obtain relative array beam power output as a function of frequency, bearing, and range for a given source location. The beam power output functions were then used to obtain estimates of source location and range and bearing errors.
Next viewgraph, please.
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Viewgraph 3
Consider a line array of M equispaced hydrophones as presented here. Note that the range R and bearing e of the source is relative to hydrophone 1 (H]). The range is the horizontal range between source and hydrophone 1 and the bearing angle is measured as the angle between the positive X axis and hydrophone 1.
The differences that occu gating plane wave as compared in viewgraph 3. In the case of "^2 and "^3 are linearly related also be noted that in the plan '^^ are the same angle and are of wavefront curvature propaga focusing are not linearly rela cosines. Also, ^2 ^^d ^^ are n the bearing angle e. Finally, plane wave techniques whereas using wavefront curvature tech r when an array of sensors en to wavefront curvature propag a propagating plane wave, th by the Pythagorean theorem, e wave propagation case the a equal to the bearing angle 0. tion, the time delays necessa ted, but are instead related ot equal and neither angle is only bearing information can range and bearing information niques. The frequency domain f maximum-likelihood estimati phone outputs consist of a addition of all possible ac of interest for a given fre that an approximate source (R) and bearing (e) are the focused beamformer. This is estimates (Rn) and bearing maximum-likelihood estimato are then calculated for eac computed are actually phase
Viewgraph 4
ocused beamforming techniq on process [4] as illustra complex signal that is the oustic paths between the s quency. In the next step a range and bearing is known n simulated to find the ma accomplished by hypothesi estimates (Gp) for impleme r. The appropriate time de h directional vector. The delays {<p^) in the freque ue used is based on a ted here. The hydroresult of a coherent ource and the receiver n assumption is made and estimates of range ximum output of the zing a set of range ntation in the lays for M hydrophones time delays that are ncy domain.
1* -When the magnitude squared of the beamformer output is maximized with respect to Rp and e^, the estimated values of Rp and e^ that correspond to this maximum are the values that represent the estimated horizontal range and bearing of the source in a maximum-likelihood sense.
-Next viewgraph, please. The first scenario is for a source located at 20 kilometers and 90 degrees relative to the reference hydrophone H]. When the beamformer simulation is employed, it focuses on a source at the proper range of 20 kilometers and a bearing of 90 degrees. The focused beamformer algorithm is based on a maximum-likelihood estimator process. The peak value is chosen from all possible values. Here, the peak selection process is done over a range-bearing surface, which can contain ambiguities in range and/or bearing. A three-dimensional representation of the estimator outputs is shown here. All values plotted are within 3 dB of the peak value. Note the ambiguities in range and bearing and the number of peaks within 3 dB of the true peak. As can be seen, it is very difficult to find the true peak in this type of representation. For this reason a contour plot of the data in 0.5 dB intervals is also presented. The source is easily spotted here and is represented as a dot at 20 kilometers and 90 degrees.
The character of the contoured viewgraph can be explained by examining the near field behavior of a continuous line array. Based on Steinberg's [6] development, the hyperfocal range for this array is nearly the same as the source range. Thus, we can relate the closed contours to the array's depth of field. The skewness is simply due to our selection of the first sensor as the center of the coordinate system.
-Next viewgraph, please. 
Viewgraph 6
The ocean environment was simulated using the Generic Sonar Model. A historic North Atlantic sound speed profile and water depth were utilized, An illustration of the ray trace is presented here. Also, the parameters that establish our baseline case are shown. The baseline case consists of three omnidirectional equispaced sensors with an associated elemental spacing of 50\ at fo-The omnidirectional source is horizontal range of 50 kilometers and a bearing of 90 hydrophone 1. Our baseline case is for a source depth receiver depth of 180 meters. represents contours of the estimators at two frequencies f 50 kilometers and bearing of 90 degrees. The baseline n the right and a lower frequency of 0.4fo is shown on rent that as the frequency is decreased, the ambiguous spread out in bearing. This is the same effect one sees patterns for sparsely populated arrays. Thus, the introdifferences occurring at these two frequencies has general character of the contours. However, the locaximum for the lower frequency now coincides with the urce bearing relative to the first sensor is side case is shown on the left. When the source is and bearing is 85 degrees, the maximum estimator shown (by a dot near the top) at a range of 55 in this case that the wrong local maximum was rea is reduced as shown by the dashed lines, so s are excluded, the maximum is located at 57 of 85.2 degrees. This point is shown by an X in an see a degradation in range and bearing estimates slightly off broadside.
Viewgraph 9
Here we can see the dependence of the estimator outputs on source range when the source bearing is 90 degrees. The actual source ranges are given at the top of each viewgraph and the local maximum range and bearing estimators are to the right. We can see that in general there is no bearing error, and, despite the fact that we have gone from single bottom bounce through convergence zone to double bottom bounce principal modes of propagation, the estimated ranges are still quite accurate. We note the character of the results for the 20 kilometer case is substantially different than the other cases. As mentioned earlier this is principally due to the relationship between the arrays hyperfocal range and the source range. For this array the hyperfocal range is approximately 20 kilometers. Thus, we can expect a significant decrease in estimator outputs as range increases. Therefore, we have a closed contour at 20 kilometers, but not for the remaining cases. Viewgraph 10
The dependence of the estimator outputs on the number of sensors for a fixed array length is shown here. The nature of the dependence in this case can be explained on the basis of array response functions. As we fill in the array with more sensors, we expect to spread out the grating lobes. In addition, near the array a higher order summation in the beamformer tends to reduce the level of the interference patterns occurring at close range. Therefore, we note the inclusion of a multipath environment has had little impact on the estimator outputs. This viewgraph illustrates the dependence of the estimator output on the depth at which the source is located. For this comparison we are using a 5-sensor array with an interelement spacing of 50X and has a hyperfocal range of about 70 kilometers. Thus, for a source at 50 kilometers we can expect closed contours as seen here. The three source depths of 55, 155, and 750 meters are shown in relation to the typical North Atlantic sound speed profile on the left side of this viewgraph. We note there is little difference between the contours for the shallowest and deepest source depth. There are, however, two things worth noting. When the source is at 155 meters a larger area is enclosed by the highest level contour and the local maximum is farther from the actual range than for the other two depths. An analysis of the eigenray structure reveals that the multipath structure is more complicated for the 155-meter source depth than at 55 or 750 meters. Thus, it is reasonable to expect less accurate results for a source depth of 155 meters.
- For direct path propagation there are no errors introduced in the estimation of source location for range or bearing. We have just shown that for our set of parameters that when multipath conditions exist there are errors introduced. These errors are a function of the complexity of the acoustic multipath structures. Shown here are the absolute range and bearing error versus range for bearing angles of 90 and 85 degrees and two frequencies.
Overall, the multipath simulations at a broadside bearing angle indicate good bearing and range estimates as a function of range and frequency. When the off-broadside cases are analyzed, more error is seen. The off-broadside range error has been examined in a recent study by Wood [7] , and a correction factor presented for single path propagation.
The dashed lines in these two figures represent a crossover point where the maximum likelihood estimator has shifted source estimation from the main lobe to an ambiguous bearing lobe. This is noted by the occurrence of large absolute bearing errors. The shifting of source location to an ambiguous peak not only introduces large bearing errors, but large absolute range errors as well. We see the shifting to an ambiguous peak only occurred for some of the off-broadside cases and appears to have no frequency dependence. 
ASSOCIATED ERRORS APPEAR TO BE DIRECTLY RELATED TO THE AMPLITUDE AND PHASE OF ALL POSSIBLE ACOUSTIC ARRIVALS.
Viewgraph 15 s.
In conclusion overall inspection of the contour plots of array estimator output in a multipath environment show small variations as a function of engineering and environmental parameters. It is apparent that as the frequency decreases, the number of ambiguity surfaces in bearing also decreases. Also, the addition of more sensors decreases the interelement spacing, which decreases the ambiguity in bearing. However, the environmental parameters dictate the complexity of the multipath structure and the effectiveness of the estimation process is directly related to the acoustic multipath. 
